Mutations that destabilize superoxide dismutase 1 (SOD1) are a cause of amyotrophic lateral 25 sclerosis (ALS). SOD1, which is located in the reducing cytosol, contains an oxidized 26 disulfide bond required for stability. We show that the bond is an Achilles heel of the protein 27 because it is sensitive to the oxygen tension. Culture of ALS patient-derived fibroblasts, 28 astrocytes and induced pluripotent stem cell-derived mixed motor neuron and astrocyte 29 cultures (MNACs) under lowered oxygen tensions caused reductive bond cleavage and 30 misfolding. The effects were greatest in cells expressing mutant SOD1s, but also occurred in 31 wild type SOD1 in cultures derived from patients carrying ALS-linked mutations in C9orf72, 32 FUS and TBK1, as well as from controls. MNACs showed a greater response than the other 33 cell types, including enhanced SOD1 aggregation, in line with the vulnerability of the motor 34 system. Our results show that oxygen tension is a principal determinant of SOD1 stability and 35 shed light on how risk factors for ALS, such as aging and other conditions causing reduced 36 vascular perfusion, could lead to disease initiation and progression. 37 38 39 40 Running title Low oxygen drives SOD1 aggregation 41 42 Keywords Amyotrophic lateral sclerosis; disulfide bond; oxygen; protein aggregation; 43 superoxide dismutase 1 44 45
Age is the principal non-hereditary risk factor for ALS, as well as most other 98 neurodegenerative diseases. It is associated with reduced perfusion in the CNS owing to 99 vascular wall degeneration and neurovascular unit dysfunction (Iadecola, 2017). We 100 hypothesized that local reductions in O 2 tension caused by impaired perfusion may have an 101 effect on SOD1 stability. To test this idea we used in vitro cell culture models of ALS 102 including fibroblasts from ALS patients carrying mutations in SOD1, other ALS-linked genes 103 and from non-disease controls. We also examined neural cells including primary patient-104 derived astrocytes and mixed motor neuron and astrocyte cultures (MNACs) derived from 105 induced pluripotent stem cells (iPSCs). We found that low O 2 tensions markedly increased 106 disulfide bond reduction, misfolding and aggregation of SOD1 in a time-and concentration-107 dependent manner. 108 conditions the O 2 tension in the CNS is much lower, ranging between 0.2 and 5% (Erecinska 116 & Silver, 2001 , Lyons et al., 2016 . Moreover, an age-related disruption in perfusion might 117 lead to further reductions in local O 2 tensions. Therefore, we examined the SOD1 misfolding 118 response in fibroblast lines carrying ALS-linked SOD1 mutations and cultured at reduced O 2 119 tensions for 24 h ( Fig 1A and Table EV1 ). 120
Misfolded SOD1 was quantified with a specific ELISA (misELISA) (Zetterström et al., 121 2011). Lines carrying the SOD1 N86S and SOD1 E78_R79insSI mutations showed distinct O 2 122 concentration responses, with the highest levels of misfolding detected at 1% O 2 (Fig 2A) . 123
Interestingly, no increase in SOD1 misfolding was seen in a line carrying the SOD1 G127Gfs*7 124 (G127X) truncating mutation, which results in a protein that lacks the C57-C146 disulfide 125 bond and cannot fold properly (Fig 2A and Fig EV1A) . 126 We next investigated the temporal response of misfolding to low O 2 and detected a 127 significant increase in misfolded SOD1 at 1% O 2 after 4 h, reaching a maximum after 8 h, 128 which was maintained at 24 h ( Fig 2B) . Quantification of total SOD1 revealed that increased 129 misfolding was not due to increased SOD1 expression ( Fig EV1B) . To address whether the 130 increase in misfolding was reversible, we quantified misfolded SOD1 at different time points 131 after returning cells from 24 h at 1% O 2 to 19% O 2 . A rapid reversal was observed in the 132 SOD1 G93A line with a misfolded SOD1 half-life of 15 min, returning to baseline after 1 h 133 ( Fig 2C) . Reversal of misfolding of wild-type SOD1 (SOD1 WT ) in a control line was even 134 more rapid ( Fig 2C) . No significant effects were seen in the SOD1 G127X line ( Fig 2C) . Hence, 135 we concluded that the misfolding response was inversely proportional to the O 2 tension. It 136 was also time-dependent, reversible, and appeared to require the C57-C146 disulfide bond. 137
To probe the misfolding response in more detail, we next analyzed a panel of control and 138 patient-derived fibroblast lines cultured under conditions where the misfolding response was 139 maximal (1% O 2 , 24 h; Fig 2D and Fig EV1C) . A significant increase in misfolded SOD1 was 140 seen in all lines that carried full-length mutant SOD1s and ranged from 1.5 -3.5-fold. 141
Significant increases of a smaller magnitude were also observed in most control lines, as well 142 as those from patients carrying ALS-linked C9orf72, FUS or TBK1 mutations, which only 143 contain SOD1 WT . The only fibroblasts that did not show significant increases were lines 144 carrying SOD1 mutations resulting in truncations and the absence of C146: SOD1 G127X and 145 SOD1 D125Tfs*24 . 146
To investigate the misfolding response in patient-derived neural cells, we generated 147 primary astrocytes from the lateral ventral horn of an ALS patient heterozygous for the 6 2011). The level of misfolded SOD1 increased 2-fold when these cells were cultured at 1% O 2 150 compared to 19% for 24 h (Fig 2E and Fig EV1D) , which was similar to the increase seen in 151 fibroblasts from another SOD1 A4V patient ( Fig 2D and Fig EV1C) . 152
153
An enhanced SOD1 misfolding response in patient-derived motor neuron/astrocyte 154 cultures 155
Since ALS preferentially targets the motor system, we reprogrammed a subset of the patient-156 derived fibroblast lines to iPSCs and differentiated these to MNACs ( Fig 1A and B and Table  157 EV1). Recently we have found that SOD1 misfolding is enhanced in MNACs compared to the 158 corresponding fibroblasts, iPSCs and iPSC-derived sensory neurons (Forsgren et al., under 159 revision). After 10 days in culture post-differentiation (Day 25; Fig 1B) , MNACs contained 160 5% neurons expressing tubulin beta 3 class III (TUBB3; Fig EV2 A 
and B). A large 161
proportion of these neurons (78 -84%) co-expressed the motor neuron markers ISL LIM 162 homeobox 1/2 (ISL1/2) and non-phosphorylated neurofilament-H (SMI32), representing a 163 limb innervating subtype that are highly susceptible to ALS (Amoroso et al., 2013). 164
We first titrated the dose-response of SOD1 misfolding to O 2 tension in MNACs from 165 control, SOD1 A4V and SOD1 G93A lines. A significant increase in misfolding was detected at 166 ≤4% and was maximal at 2% O 2 , which was enhanced in MNACs compared to fibroblasts in 167 all three lines ( Fig 3A) . Under the same conditions used for fibroblasts (1% O 2 for 24 h), a 168 significant degree of axonal fragmentation was observed (data not shown), indicative of 169 neuronal stress. However, since axonal morphology ( Fig EV2B) , cellular ATP levels (Fig  170   EV3A ) and viability ( Fig EV3B) were not significantly affected by exposure to 2% O 2 for 24 171 h, this was used to investigate the misfolding response in MNACs from ALS patients. 172
Large increases in SOD1 misfolding, ranging up to 10-fold, were induced in MNACs 173 following exposure to 2% O 2 for 24 h (Fig 3B and Fig EV4) . The largest effects were found 174 in several of the lines expressing full-length mutant SOD1s (N86S, A4V, and G93A). 175 However, in contrast to fibroblasts a robust 3 -4-fold increase was also seen in controls 176 expressing SOD1 WT and in MNACs that were heterozygous for SOD1 G127X or SOD1 D125Tfs*24 7 not lead to a reduction in proteasome activity in MNAC extracts ( Fig EV3C) . Nor were there 183 increases in SOD1 G127X protein in either soluble ( Fig EV5) or detergent-insoluble ( Fig EV6B) 184 fractions, which both increased greatly upon proteasome inhibition (Keskin et al., 2016) . 185
Inhibition of the proteasome also leads to copious aggregation of SOD1 D125Tfs*24 in fibroblasts 186 (Keskin et al., 2016) , whereas no changes were found here in response to low O 2 tension (see 187 below; Fig 7) . Hence, increased SOD1 misfolding at low O 2 tension could not be attributed to 188 a reduction in proteasome activity. 189
190

Low oxygen tension promotes reductive cleavage of the disulfide bond 191
We have shown that reduction of the C57-C146 bond is a prerequisite for SOD1 misfolding in To confirm that misfolded SOD1 lacks the C57-C146 disulfide bond, we immunocaptured 202 SOD1 from extracts of MNACs, which had been cultured at 19% or 2% O 2 , using the same 203 antibody (SOD1 aa 24-39) and capture conditions (1 h at 23°C) used in the misELISA. This 204 antibody reacts with disordered SOD1, independent of the C57-C146 disulfide status 205 (Forsberg et al., 2010). Disulfide-reduced and oxidized SOD1 were quantified by non-reduced 206 western blotting ( Fig 4C) . Input samples from control, SOD1 G93A and SOD1 A4V MNACs 207 contained a majority of oxidized and a small proportion of reduced SOD1, which increased at 208 low O 2 conditions. Notably, the misfolded SOD1-specific antibody only captured disulfide-209 reduced SOD1. In control MNACs, this was not detectable at 19% O 2 but increased at 2% O 2 210 to 1.4% of the disulfide reduced SOD1 in the input sample. In SOD1 G93A and SOD1 A4V 211 MNACs, immunocaptured disulfide reduced misfolded SOD1 increased substantially (to 21% 212 and 10% of the input samples at 2% O 2 , respectively). Hence, in patient-derived MNACs, the 213 majority of disulfide-reduced SOD1 retained an ordered structure. This agrees with 214 compared to 19% O 2 even when protein synthesis was inhibited. Thus, O 2 is also required for 247 maintenance of the disulfide bond and structure of the existing pool of mature SOD1. fibroblasts, which did not increase significantly in response to low O 2 (Fig 7) . In contrast, we 254 found that low O 2 tension induced marked increases in aggregation in MNACs carrying full-255 length mutant SOD1s (E78_R79insSI, N86S, G93A and A4V), but not in SOD1 WT control 256 lines or SOD1 L117V , which has SOD1 WT -like stability ( The principal finding of this study is that culture at low O 2 tension leads to remarkably large 266 increases in SOD1 C57-C146 disulfide bond reduction and misfolding. In addition to being 267 required for bond formation, we have identified that O 2 is also critical for its maintenance. 268
Low O 2 tension resulted further in enhanced aggregation in MNACs but not in fibroblasts. 269
This supports the idea that in human patient-derived models, as well as in Tg mice, the C57-270 C146 disulfide bond is indeed an ALS-related Achilles heel of SOD1 in the reducing 271 environment of the cytosol. 272
The O 2 tensions in the gas phase found to enhance SOD1 misfolding are within the range 273 considered to be normoxic in human and animal tissues. However, the range of O 2 tensions 274 present within cultured cells are likely to be lower. This is due to both the rate of O 2 diffusion 275 through the culture medium and the rate of O 2 consumption by cellular respiration, which 276 depends on both cellular mass and the rate of oxidative metabolism (Pettersen et al., 2005). compare replicate samples cultured at different O 2 tensions. The cells, which had been 279 propagated and adapted to growth at 19% O 2 , were tested within a range that was found not to 280 cause overt toxicity. 281
A study in young resting awake mice has indicated that O 2 tensions in the CNS vary 282 between 0.2 -5% (Lyons et al., 2016). Even lower levels were recorded under normal 283 conditions, e.g. in periarteriolar areas. Considering this great variation found in young mice, it 284 is reasonable to assume that localized hypoxia could occur transiently, or more chronically, in 285 elderly humans even in the absence of overt disease. Furthermore, the D90A mutant protein, which has wild type-like stability, typically only 300 causes ALS in homozygous individuals (Andersen et al., 1996) . Hence, a clear link exists 301 between a doubling of the load of mutant SOD1 and disease initiation, or progression. The 302 large increases in misfolded SOD1 in response to low O 2 tension we report here, particularly 303 in MNACs, could contribute to the initiation and progression of ALS. 304
Except for SOD1 D90A , the cell lines tested here were derived from individuals heterozygous 305 for SOD1 mutations. Whereas SOD1 D90A has a larger electrophoretic mobility, the other full-306 length SOD1 mutants show the same mobility as wild-type SOD1. The SOD1 D125Tfs*24 mutant 307 protein also has the same mobility as SOD1 WT (Keskin et al., 2016). Therefore, these SOD1 308 mutants cannot be distinguished from SOD1 WT by western blotting or in the misELISA 309 (Keskin et al., 2016). Owing to widely different stabilities and rates of degradation, the levels 310 of mutant SOD1s in cultured human cells vary from comparable to the wild type protein, to disulfide-reduced SOD1 between SOD1 mutant and control MNACs, both basal and low O 2 -313 enhanced levels of misfolded and aggregated SOD1 were much greater in the SOD1 mutant 314 cultures. For the most part, mutant SOD1s most likely contributed substantially to these 315 enhanced levels. 316
Recent findings in vivo suggest that prion-like growth and spread of SOD1 aggregation 317 could be the primary disease mechanism of SOD1-induced ALS ( In conclusion, we show that O 2 tension is a principal determinant of SOD1 misfolding and 342 aggregation. Our findings suggest that CNS areas with low O 2 tension could act as foci for the 343 initiation or progression of ALS. This mechanism might contribute to the enhanced risk for 344 the disease associated with aging, as well as other factors that impair vascular perfusion. 345
Materials and Methods
347
Human materials 348
Samples from patients and non-disease controls (Table EV1) , including blood samples for 349 genotyping and skin biopsies for fibroblast culture, were collected with approval of the Following screening of blood to identify SOD1, FUS, TBK1 and C9orf72 mutation carriers, 365 fibroblasts were generated from a 3 mm punch skin biopsy (upper arm) from 10 ALS patients 366 with SOD1 mutations (A4V, H46R, E78_R79insSI, N86S, D90A, G93A, L117V, 367
D125Tfs*24 and G127Gfs*7 (G127Xin 2 patients)). One ALS patient with Q23L mutation 368 in FUS, 5 ALS patients with TBK1 mutations (A417Xin 2 patients, M598V, I450Kfs*14, 369 p.690-713del), 1 ALS and 1 FTD patient with massive intronic GGGGCC repeat-expansions 370 in C9orf72, and 4 non-disease control individuals (Table EV1 ). The establishment of the lines 371 (Table EV1) . 381
IPSCs were cultured using the DEF-CS culture system (Takara Bio Europe, Gothenburg, 382
Sweden) seeded at a density of 40,000 cells/cm 2 . Media changes were preformed every 24 h 383 and cells were passaged after 3-4 days at a density of 1.5 -2x10 5 cells/cm 2 using TrypLE and 384 plated in DEF media supplemented with GF1, GF2 and GF3 (Takara Bio Europe, 385
Gothenburg, Sweden). (days 24-26 of the differentiation), MNACs were exposed to different O 2 tensions prior to 408 analysis. 409
Exposure to different oxygen tensions 410
Fibroblasts were plated at 8000 cells/cm 2 in 60 mm dishes or 6-well plates (BD Biosciences, 411
Franklin Lakes, NJ, USA) and incubated in an humidified atmosphere at 37°C with 5% (v/v) 412 CO 2 . After reaching 60-70% confluence, the medium was replaced prior to exposure to 413 different O 2 tensions. Differentiated MNACs were exposed to different O 2 concentrations 414 without medium change. For O 2 tensions lower than 19%, cells were incubated in a sealed 415 chamber (Biospherix, Lacona, NY, USA) gassed with humidified gas mixtures (1 -10% O 2 , 416 5% CO 2 , 94 -85% N 2 ) at 37°C. The O 2 concentration was maintained using a ProOx Dako, Glostrup, Denmark). ECL Select reagent (GE Healthcare Biosciences, Piscataway, NJ, 527 USA) was used to detect the signal, which was recorded on a ChemiDoc Touch apparatus 528 (BioRad Laboratories, Hercules, CA, USA) and analyzed using ImageLab software (BioRad 529 Laboratories, Hercules, CA, USA). 530 531 Effect of cycloheximide on SOD1 misfolding 532 Fibroblasts were exposed to 19% O 2 or 1% O 2 as described above in the presence and absence 533 of protein synthesis inhibitor CHX (50 µg/ml) for 24 h prior to harvest. 534 535
Analysis of reduced and oxidized glutathione 536
After exposure of MNACs and fibroblasts to different O 2 tensions (1-2-19% O 2 ) for 24 h as 537 described above, media was aspirated rapidly and 300 µL of ice-cold extraction mixture (0.25 0.1% formic acid) were added immediately to the cells. After scraping, the resulting cell 540 suspensions were snap-frozen and stored at -80°C until analysis. 541
For analysis, a tungsten bead was added to the tubes, which were then homogenized in a 542 bead mill (Retsch MM400) at 30 oscillations/s for 1 min, followed by centrifugation at 22,000 543 g for 20 min Fifty µL of the resulting supernatant was transferred to a LC-MS vial and 1 µL 544 was injected and analyzed by LC-ESI-MSMS (1290 Infinity system from Agilent 545 Technologies, with an Acquity UPLC HSS T3 column, thermostatted to 40°C and coupled to 546 an Agilent 6490 Triple quadrupole mass spectrometer). The analysis was performed as aa 57-72 antibody used for detection showed relatively strong bands in the SOD1 D125Tfs*24 716 samples ( Fig EV6A) . This represents mutant SOD1 (filled squares), since negligible bands 717 were detected using an antibody raised against a C-terminal SOD1 (aa 143-153) peptide (Fig  718   EV6E ). The SOD1 G127X mutant protein (filled triangles) was quantified using a hSOD1 G127X -719 specific antibody (Fig EV6 B and D) . Data are expressed as the means ± SD (n = 4 to 10; 2-6 720 replicate experiments from independent differentiations, each with 3 replicates for MNACs) 721 and (n = 3 to 6; 1-3 experiments each with 3 replicates for fibroblasts), *p < 0.05, **p < 0.01, 722 ***p < 0.001, analyzed by the Mann-Whitney U test. I  I  I  I  I  I  IC  IC  NB  IC  NB  NB 
